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© Electrodialysis reversal process and apparatus with bipolar membranes. 

© Water softening is achieved by a combination of electrodialysis and calcium carbonate precipitation. The 
hard feed water or alternatively recycled soft water is rendered alkaline and is then subjected to a treatment by 
which precipitation of calcium carbonate is induced. One way of bringing about such precipitation consists in 
passing the alkaline water across a cake of calcium carbonate crystals having a size not exceeding 100 microns, 
deposited on a filter (43) and being in an at least fifty fold excess over the amount of calcium carbonate to be 
precipitated. 



46 



oo 
in 

00 

o 

in 



o. 



47- 



Fig.3 




Rank Xerox (UK) Business Services 



EP 0 503 589 A1 



25 



30 



35 



40 



45 



50 



55 



bo«, ^SISESS? te - ^ provides 30 improved water softenin9 method «*** * 

houS^JSS: s^olTon °' CalCiUm Va,U6S " ^ for «"* ^ 

such as pots and SSriSSLTT^ *"* 38 b ° ilerS ' h ° l W3ter pipes 30(1 

as dishwashere and ftaSi? 15? ^ (lecrease of detergent consumption in household machines such 

for wSTSSS WaSh '" 9 maCh ' neS - of water is - "™-'. e«ected as a pre-treatment 



» the £ iT^^Tot^TV^ W3te : S ° ftenin9 Pr0C6SS inC ' Ude ** ™ " ater "»»*■ 

«rJ!£ deSal '" at,on *» electrodialysis has been practised for many years. Generally soeakino the 
■tataStZh o^Tn oIL P lt aMematin9,y ,0 fofm di ' Uate and COncentrate compartments - 

lip: jets rrsrrzr ~- ~ - — ~ 

m 6 mhr a a nJ lr h ady bee ". su " es,ed 10 use ,or electrodialysis so-called asymmetric bipolar membranes ie 
comlr n I TZ^nit an MTnr XCh TJ ayer ^ 3 """"^ ^yer of ^ un^uaf irrSS J 

Ste also descS a ItoTT* ^ ^ d " c * ed - '° r example ' in U 8 3 - 562 - 139 0*2 
exchanoTmemb anL * and . apparatus for desalination wherein a.ternatingly oriented bipolar ion 

comprfsinn two ?SI£^^" Bd "t 4 ' 569 ' 747 (Kedem * aL) describe sealed electrodialysis cei.s 
ex^^nSb^lZTS T r UnitS> ° ne bein9 3 cation-exchange and the other anion- 
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bags are used as concentrate compartments in electrodialysis stacks membrane 
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asymmetnc b,po.ar .on-exchange membranes so ananged that each brine compartment is bound by two 
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cation-exchange layers and each product compartment is bound by two anion-exchange layers, which 
asymmetric bipolar ion-exchange membranes are of a kind which when the anion-exchange layer thereof 
faces a cathode the rate of delivery of anions into a compartment distal from the cathode exceeds the rate 
of delivery of cations in the opposite direction and when the anion-exchange layer faces the anode H and 

5 OH" ions are generated; and alkaline hard water is withdrawn from the stack and mixed with fresh hard 
water to produce an alkane diluate, which diluate is subjected to treatment by which calcium carbonate 
precipitation is induced; and mother liquor from such precipitation is recovered as product soft water. 

The method, of softening hard water according to the invention thus involves a unique combination of 
electrodialysis and calcium carbonate precipitation. 

10 In a preferred embodiment of the invention the brine compartments in said stack of asymmetric bipolar 
membranes are in the form of a sealed cells consisting each of two asymmetric bipolar membranes of the 
kind specified whose cation-exchange layers face each other, attached with each other along the peripheral 
regions, which cells are fitted with means for the ingress and egress of liquid. 

When a current is passed through metal electrodes immersed in aqueous solution, electrolysis takes 

T5 place and the solution near the cathode becomes basic and near the anode, acidic. With brackish or tap 
water containing chloride and calcium salts, free chlorine develops near the anode and precipitates are 
formed on the cathode. In ordinary electrodialysis, i.e. without current flow reversal, fast rinsing of the 
electrode compartments with suitable solutions is necessary, and while the problems are mitigated upon 
periodic current reversal, it is still necessary to remove products from the vicinity of the electrode. 

20 From U.S. 4,226,688 it is known that these problems can be overcome by providing in both the cathode 
anode compartments a slurry of active carbon. The apparatus used in accordance with U.S. 4,226,688 is not 
of the current reversal type and consequently the active carbon which gradually becomes saturated with the 
electrosorbed products developing near the cathode and anode has to be regenerated. In accordance with 
the teachings of that U.S. patent, this is achieved by circulating the slurry between the anode and cathode 

25 compartments. However, where the current flow is periodically reversed, the active carbon is automatically 
regenerated and such a circulation is not required. 

Thus, in accordance with a preferred embodiment of the invention the cathode and anode compart- 
ments comprise an amount of active carbon. By one mode of this embodiment both electrodes of the stack 
are filled with granular active carbon. By another mode active carbon is slurried in the cathode and anode 

30 compartments. 

For the stability of the active carbon, the pH in the electrode compartment should preferably not exceed 
6. Accordingly, when providing active carbon in the electrode compartments by either of the above modes, 
both electrode compartments are preferably sealed off by means of an asymmetric bipolar membrane 
having an acid blocking anion-exchange layer facing the electrode. 

35 In our U.S. Patent Application No. 642,207 of January 16, 1991 we are describing a water softening 
process in which the hard feed water is rendered alkaline by the addition of an alkali and calcium carbonate 
precipitation is accelerated and occurs within 2 to 60 seconds, in which the precipitation is performed in the 
presence of calcium carbonate crystals of a size not exceeding 100 microns and which are in a large 
excess over the amount of calcium carbonate to be precipitated from the alkaline hard water. 

40 Thus, in one of its preferred embodiments, the present invention provides an integrated process for 
softening hard water of the kind described hereinbefore, characterized in that calcium carbonate precipita- 
tion is induced from alkaline water withdrawn from said stack of asymmetric bipolar ion-exchange 
membranes by passing the alkaline water, if desired in admixture with fresh hard water, across a cake of 
calcium carbonate crystals of a size not exceeding 100 microns deposited on a filter and which are in at 

45 least fifty fold excess over the amount of calcium carbonate to be precipitated from said alkaline hard water 
which cake of calcium carbonate crystals is continuously or intermittently disintegrated and reconstituted, 
and an aqueous mother liquor passing across the filter is withdrawn as product soft water. 

.When in this embodiment the alkaline hard water is passed across the calcium carbonate crystal cake 
on the filter, calcium carbonate is precipitated. 

so Various embodiments of calcium carbonate precipitation from alkaline hard water and of acidically 
disintegrating and reconstiting the calcium carbonate crystal cake on the filter are more fully described in 
our U.S. 642,207 of January 16, 1991, which disclosure is hereby incorporated by reference. 

In the course of operation the acidity of the acidic solution withdrawn from the brine compartments of 
said stack of asymmetric bipolar membranes increases to an extent where unless the solution is neutralized 

55 it cannot be recycled and must be rejected. In accordance with one embodiment of the invention filtered off 
calcium carbonate is fed into a neutralization unit together with acidic solution withdrawn from the brine 
compartments of the stack and a neutralized solution is recycled from said neutralization unit into the brine 
compartments of the stack. 
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stack (J a P s ?mn^nrK b0d , iment °l™ M * i0n aCCOrding t0 the inventio " *• "rine compartments in said 

^S^ZS^ZSZ "J — - * way o, exampfe only w£ any 
Fig. 1 is a diagrammatic illustration of a layout for a feasibility test- 

Rg* 3 !s a" JSZEE ST?" °! 3 S,aCk f ° r USe i0 thS Prance of the invention; and 
T^e eaiS TT^ M ^ Mat ™ ** US6 * the Penance of the invention, 
the fSowCxlmple? " aCC ° rd ' n9 ,0 ™ de ™"*rated by experiments described in 

35 . Example 1 

kinrt^Z!? mental SSt ' UP US6d iS Sh0wn in Ra " 1 " Two asymmetric bipolar membranes 1 and 2 of the 

Sa^f^^^,, 1 ? Cath ° de ' ayerS C tUmed away towards «*<> "***K» cation-exchange 
A^STZ, 'two e LSlT J 6 " 1 ^ brine ^a^ents 6 and 7. On the distal side of membranes 
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Sm^S^nSTlTA Partmen, ^ *" 1 ' iter °' 3 01N NaC ' S0,uti0 " w as circulated through 
pTecipitete ZeC in IT t ""T °' 15mA/Cm WaS p3Ssed throu 9 h 0,6 <*"• Aftef 1 « minutes a 
SS JSdTuKd to^i^T 8 ^ minUteS *• CUrrent was interru P^. the tap water 
a fameS mat 1,16 combined Ca + M9 concentration had dropped to 

In similar consecutive experiments the direction of the current was reversed for each experiment. 

Example 2 

dJST^ST, I'd ST ° f Wnd SP6Cified ^ t6Sted f ° r their Prance in the manner 

wHhtS^UST' membr f 6 P3irS Were f0rmed int0 cel,s by sealin 9 t" 6 " 1 «<> each other along the edges 
S ^? ye ^° ^ ° UtSid8 - The ° Uter dime ^ions were 6x20 cm which provides for a totef Jea of 
120 cm* and an ava..able area of 94 cm*. A Vexar (trademark) spacer of 0.55 mm thickness was ZZZ t 
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each cell and inlet and outlet tubules were sealed into the narrow edges and flexible rubber tubes were 
attached to these tubules. Twelve of these cells were assembled into a stack, separated by Vexar 
(trademark) spacers of 1.2 mm. thickness. The bottom and top outlets were collected and potted 
respectively through bottom and top of the stack vessel. Inlet and outlet were provided in the stack vessel 
5 for free rapid flow of the treated water between the bags. 
The stack is diagrammatically illustrated in Fig. 2 

As shown, the stack is located within a casing with side walls 10 and 11, top wall 12 and bottom wall 
13. Side wall 10 holds a first electrode compartment 14 comprising an electrode 15 and a granular active 
carbon filler 16 and being bounded by a membrane 17. Likewise, side wall 11 holds a second electrode 
to compartment 18 comprising an electrode 19 and granular active carbon filler 20 and being bounded by a 
membrane 21 . 

The stack here shown comprises four brine compartments 22 and five product compartments 23. Each 
brine compartment 22 is in form of a sealed cell made of two asymmetric bipolar membranes sealed along 
the edges with their A-layers outside and their C-layers inside. Compartments 22 hold internal spacers 24 

75 and are fitted with tubules 25 for the ingress and egress of brine. There are further provided intracellular 
spacers 26 which constitute the product cells 23. 

A feeding port 27 in side wail 10 leads into a feed chamber 28 and a withdrawal port 29 in side wall 11 
leads from a product delivery chamber 30. Any liquid in chambers 28 and 30 is in direct contact with, 
respectively, the lower and upper ends of product cells 23. 

20 During a first operation without current reversal, the granular active carbon fillers 16 and 20 were 
replaced by a 2.5% suspension of active carbon which was circulated between electrode compartments 14 
and 18 in a manner described in U.S. 4,226,688 and 30 It. of tap water were circulated through the diluate 
compartments 10 at a rate of approximately 20 cm/sec. A brine containing 0.1N NaCI and 0.1N NaHCCfe 
was circulated through bags 11 at a rate of approximately 2 cm/sec. A current of 15 meq/sq. cm. was 

25 passed and after 15 minutes the operation was interrupted and the treated water was filtered. It was found 
that the total hardness had decreased from 8.0 meq/lit of Ca + Mg to 2.6 meq/lit. 

Example 3 

30 A stack according to Fig. 2 holding 10 cells was used. The cells were separated from each other by 
vertical strips fastened to the cells at the bottom edge instead of the conventional spacers and this very 
open arrangement had the advantage that small quantities of precipitate would not cause any clogging. 

In this experiment the electrode compartments contained granulated active carbon. 20 liters of tap water 
were circulated through the product compartments 23 at a velocity of approximately 25 cm/sec. and 2 liters 

35 of brine containing 0.1 N NaCI and 0.1 N NaHCOa were circulated through the brine compartments 22 at a 
rate of about 2 cm/sec. A current of 1.45 A was passed. In consecutive 15 minute runs in each of which 20 
liter of tap water was processed, the resulting alkaline hard water was left to stand for 5 hrs and then 
filtered. The direction of the current was reversed for each run. 

Total hardness (Ca + Mg) in the tap water was 8.0 meq/lit. Average residual hardness (Ca+Mg) in the 

40 processed water was 2.4 meq/lit- , The concentration of Mg in the tap water was 1.9 meq/M, and in the 
processed water it was found to be 1.7 meq/lit. In this and other precipitation runs the Mg concentration 
remained nearly unchanged. 

Example 4 

45 

20 liters of softened tap water (Ca + Mg = 1.76 meq/lit) was further processed in the bipolar membrane 
stack of Example 3, to bring the pH up to above 11. Two liter volumes of this solution were mixed with 
different volumes of tap water containing 8 meq/lit (Ca + Mg). The results are shown in Table 1. 

50 
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Table 1 



70 



/5 



Volume Ratio 


I -! 

Final Parameters 


sol/tap 


PH 


Ca + Mg meq/lit 


2 
1 

1/2 


9.7 
9.0 
8.2 


1.36 
2.16 
4.16 



PH and ^^Z'SX^S^,^ * ^ *" " 

Table 2 



20 



25 



Volume of Added 
tap water, ml 



70 
70 
80 
90 
100 
100 
100 



Final Parameters 



pH of Mixture 

9.2 
9.0 
8.7 
8.9 
9.4 
9.3 
9.0 



Ca + Mg meq/lit 



4.8 

4.32 

3.16 

3.08 

4.2 

4.0 

2.52 



Precipitation Time, hrs 



-0 
3 
4 
4 

1/2 
1 
4 
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In operation fresh hard water is fed into the installation via duct 40 and is mixed with alkaline product 
solution withdrawn from stack 31 via duct 39. Assuming the pH of the withdrawn alkaline water to be about 
11, then practically all the HC0 3 - ions present in the hard water have converted into CO3 - " ions, most of 
the Ca** ions having been removed before, with the consequence that no precipitation occurs. When this 

5 alkaline solution is mixed with fresh hard water arriving via duct 40 and containing Ca and HC0 3 ~ ions. 
CaC0 3 may precipitate upon proper induction. Such induction takes place on filter 43 by the action of the 
calcium carbonate layer thereon. The filtrate soft water withdrawn from within filter 43 via duct 45 is split: 
some of it is delivered as product via delivery duct 46 while the balance is recycled via duct 47 into stack 1 . 
In the course of operation excess calcium carbonate is withdrawn from collector 42 via duct 48. The 

to bulk is recycled via duct 49 and pump 50 and the balance is charged via duct 51 into neutralization unit 34 
for the neutralisation of the acidic solution withdrawn from the brine compartments of stack 31. An 
essentially clear brine is withdrawn from neutralization unit 34 and is partly recycled into stack 31 while the 
balance is withdrawn via waste withdrawal duct 38. 

It is thus seen that in this embodiment the alkaline brine in the stack 31 is produced from recycled soft 

75 water and not from feed hard water. 

Ctafms 

1. A process for the softening of hard water by the precipitation therefrom of an amount of calcium 
20 carbonate and separate withdrawal of precipitated calcium carbonate and soft water, characterized in 

that feed hard water is rendered alkaline by electrodialysis against a brine containing a water soluble 
alkali metal or calcium salt with periodical current flow reversal, using an apparatus comprising 
alternating product and brine compartments within a stack of asymmetric bipolar ion-exchange 
membranes so arranged that each brine compartment is bound by two cation-exchange layers and 

25 each product compartment is bound by two anion-exchange layers, which asymmetric bipolar ion- 
exchange membranes are of a kind which when the anion-exchange layer thereof faces a cathode the 
rate of delivery of anions into a compartment distal from the cathode exceeds the rate of delivery of 
cations in the opposite direction and when the anion-exchange layer faces the anode H and OH" ions 
are generated; and alkaline hard water is withdrawn from the stack, mixed with fresh hard water to 

30 produce an alkaline diluate, which diluate is subjected to treatment by which calcium carbonate 
precipitation is induced; and mother liquor from such precipitation is recovered as product soft water. 

2. A process according to Claim 1, wherein the brine compartments in said stack of asymmetric bipolar 
membranes are each in the form of a cell consisting of two asymmetric bipolar membranes of the kind 
specified in Claim 1 whose cation-exchange layers face each other, attached with each other along the 
peripheral regions, which cells are fitted with means for the ingress and egress of liquid. 



35 



40 



3. A process according to Claim 1 or 2. wherein the cathode and anode compartments comprise an 
amount of active carbon. 

4. A process according to Claim 3, wherein both electrodes of the stack are filled with granulated active 
carbon. 

5. A process according to Claim 3, wherein active carbon is slurried in the cathode and anode 
45 compartments. 

6. A process according to any one of Claims 3 to 5. wherein both electrode compartments are sealed off 
by means of an asymmetric bipolar membrane having an acid blocking anion-exchange layer facing the 
stack. 

so 

7. A process according to any one of Claims 1 to 6, characterized in that calcium carbonate precipitation 
is induced from alkaline water withdrawn from said stack of asymmetric bipolar ion-exchange mem- 
branes by passing the alkaline water, if desired in admixture with fresh hard water, across a cake of 
calcium carbonate crystals of a size not exceeding 100 microns deposited on a filter and which are in 

55 at least fifty fold excess over the amount of calcium carbonate to be precipitated from said alkaline hard 
water which cake of calcium carbonate crystals is continuously or intermittently disintegrated and 
reconstituted, and an aqueous mother liquor passing across the filter is withdrawn as product soft 
water. 
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a. A process according to any on© of Claim 7, wherein filtered off caJcium carbonate is fed into a 
neutralization unit together with acidic brine withdrawn from the brine compartments of the stack, and a 
neutralized brine is recycled from said neutralization unit into the brine compartments of the stack. 

9. An installation for softening hard water by the precipitation therefrom of an amount of calcium 
carbonate and separate withdrawal of precipitated calcium carbonate and soft water, which installation 
comprises: 

(i) an electrodialysis apparatus comprising product and brine compartments within a stack of 
asymmetric bipolar ion-exchange membranes so arranged that each brine compartment (24) is 
bound by two cation-exchange layers and each product compartment (23) is bound by two anion- 
exchange layers, which asymmetric bipolar ion-exchange membranes are of a kind which when the 
anion-exchange layer thereof faces a cathode the rate of delivery of anions into a compartment distal 
from the cathode exceeds the rate of delivery of cations in the opposite direction and when the 
anion-exchange layer faces the anode H* and OH~ ions are generated; 

(ii) means (47) for feeding water into the product compartments (23) of the stack and means (39) for 
the withdrawal of alkaline water therefrom; 

(iii) means (39, 40) for mixing the withdrawn alkaline water with fresh hard water to produce an 
alkaline diluate; 

(iv) means (36, 32) for feeding into the brine compartments of the stack brine containing a water 
soluble alkali metal or calcium salt and means (33) for the withdrawal of brine therefrom; 

(v) means for the periodic reversal of electric current flow across the stack; 

(vi) a precipitation unit (42) comprising a cake of calcium carbonate crystals of a size not exceeding - 
100 microns deposited on a filter (43) and which are in at least fifty fold excess over the amount of 
calcium carbonate to be precipitated from said alkaline diluate; 

(vii) means (41) for passing said alkaline diluate across said calcium carbonate cake and filter (43) to 
produce a soft water filtrate; 

(viii) means (45) for the withdrawal of said soft water filtrate; and 

(ix) means (44) for collecting filtered off calcium carbonate. 

10. An installation according to Claim 9 ( wherein the brine compartments (24) in said stack of asymmetric 
bipolar membranes are each in the form of a sealed cell consisting of two asymmetric bipolar 
membranes of the kind specified in Claim 9 whose cation-exchange layers face each other, attached 
with each other along the peripheral regions, which ceils are fitted with means (25) for the ingress and 
egress of liquid. 
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